The optimal design of vascular networks maximizes circulatory efficiency while minimizing power costs. We investigated the effects of acute changes in vascular tone on retinal arteriolar network geometry. Six hypertensive and six normotensive subjects each breathed air, 5 % CO 2 (with 12 % O 2 ), and 100 % O 2 for 5 min periods in random order. Retinal photographs were taken at the end of each test period. Bifurcation angles and arteriolar diameters were measured using operator-directed image analysis, and junction exponents were calculated. Arteriolar diameters narrowed on breathing O 2 . The magnitude of this change was significantly greater in normotensive than in hypertensive subjects. Angles narrowed in normotensive subjects, but not significantly in hypertensive subjects. Arteriolar diameters increased significantly on breathing CO 2 in normotensive but not in hypertensive subjects, but there were no changes in angles. Despite changes in diameter, junction exponents did not change under any conditions. Vascular reactivity in the retinal arteriolar bed appears to be diminished in hypertensive subjects. The failure of junction exponents to change, despite alterations in diameter, suggests that arteriolar diameters at retinal bifurcations adhere to optimality principles when exposed to acute vasoactive stress. As vasoconstriction is associated with the narrowing of bifurcation angles, previous observations showing narrowed angles in hypertensive subjects could be explained by increased tone in the retinal arteriolar bed.
INTRODUCTION
The regulation of microvascular networks is important for blood flow and nutrient exchange. Examination of network design may therefore provide insights into normal and abnormal function of the microvasculature. The geometry of vascular networks may be characterized in terms of bifurcation angles and junction exponents, a measure of the relative diameters of parent and daughter blood vessels. Theoretical optimal values for bifurcation angle (approx. 75m) and junction exponent (3) result in maximization of the vascular surface area for metabolic exchange, while minimizing power losses and intravascular volume [1] [2] [3] . Moreover, since a junction exponent of 3 implies uniformity of shear stress across all segments of the network, it has been proposed that this parameter is linked to endothelial co-ordination of network behaviour. Indeed, analysis of arterial networks in a variety of animal and human circulations yields junction exponents remarkably close to predicted values [4] [5] [6] [7] [8] . An angiographic study of the human coronary circulation found the junction exponent to be close to the theoretical optimum in normal, but to deviate in diseased, coronary arteries [9] . Furthermore, bifurcation angles and junction exponents may also have implications for vascular density. Narrowed bifurcation angles [10, 11] and decreases in junction exponents from the theoretical optimum value are associated with less dense vascular networks [11] .
The retinal arteriolar circulation is readily visualized in vivo, and has the advantage of being essentially twodimensional, so simplifying geometric analysis. Analyses based on bifurcation angles and junction exponents overcome problems associated with varying refractive indices and magnification by the optic media, because these measures are non-dimensional [12] . Using this approach, retinal arteriolar network geometry has been shown to be altered in groups at increased risk of cardiovascular disease. Bifurcation angles are reduced in hypertensive subjects [11] , in the elderly [11] and in men who had a low birth weight [13] . Junction exponents, while similar in hypertensive and normotensive subjects, decline with advancing age [11] .
The objective of the present study was to examine the effects of acute changes in arterial tone, induced by physiological stimuli, on retinal arterial geometry in normotensive and hypertensive subjects. Breathing oxygen (O # ) or carbon dioxide (CO # ) affects cerebrovascular resistance. Hyperoxia results in decreased cerebral and retinal blood flow [14] [15] [16] and retinal arteriolar constriction [17] , while hypercapnia causes cerebral vasodilatation and increased cerebral and retinal blood flow [18] , although it has been reported to have no measurable effect on retinal arteriolar diameter [17, 19] .
METHODS

Study design
A randomized double-blind cross-over study was carried out of the effects, in hypertensive and normotensive subjects, on retinal arteriolar geometry of breathing air, 100 % oxygen (O # ) or a mixture of 5 % carbon dioxide (CO # ), 12 % oxygen and 83 % nitrogen.
Subjects
Six previously untreated patients with mild to moderate essential hypertension [sysolic blood pressure (BP) 140-180 mmHg and\or diastolic BP 90-110 mmHg] were recruited from the Peart-Rose Clinic, St Mary's Hospital. Six normotensive volunteers were recruited from among staff and students at Imperial College School of Medicine. The study was carried out in accordance with the Declaration of Helsinki (1989) of the World Medical Association. All subjects gave written informed consent, and the local research ethics committee approved the study protocol.
Protocol
Subjects were seated throughout the study. The right pupil was dilated using a topical mydriatic (1 % tropicamide ; Chauvin Pharmaceuticals, Romford, Essex, U.K.). Test gases were administered, in a randomly allocated order, via a Hudson mask at a continuous flow rate of 10 litres\min. The subject and investigator performing retinal analysis were ' blinded ' to the order in which the gases were administered. After 5 min of breathing each gas, retinal photographs and alveolar gas samples were taken, and BP and heart rate were measured. A rest period of 15 min was taken, breathing room air, between different test gases.
Measurement of BP and heart rate
BP and heart rate were measured using an automated oscillometric BP monitor (Omron HEM-705CP ; Omron, Tokyo, Japan). Baseline measurements were taken as the mean of three readings after 5 min of rest, prior to inhalation of the first gas. Duplicate measurements were made at 1, 3 and 5 min during each test period, and at 5-min intervals during each recovery period. BP and heart rate measurements during each test gas period were taken as the mean of the two readings taken after 5 min of breathing each test gas.
Alveolar gas sampling
Alveolar gas samples were obtained using a HaldanePriestly tube [20] . Gas content analysis was performed using a Servomex 570A oxygen analyser and a Servomex PA 404 IR carbon dioxide analyser (Servomex International Ltd, Crowborough, E. Sussex, U.K.). The mean of two results was taken as the alveolar concentration of each gas at the end of each test period.
Retinal photography and digitization
Retinal photographs were taken using a fundal camera with a 30m field of view (Kowa FX-50R ; Kowa, Tokyo, Japan) and a red-free filter. Ilford FP4 (125 ASA) photographic film (Ilford Imaging UK Ltd, Knutsford, Cheshire, U.K.) was used. Duplicate views of the superior temporal and superior nasal quadrants were taken.
Retinal image analysis
Photographic diapositives were digitized using a Nikon 35-mm film scanner (LS-1000 ; Nikon, Tokyo, Japan). Digitized images were 2800i2400 pixels in size. Operator-directed image analysis was performed using a custom-written application package within the MATLAB environment (MATLAB Version 5. An example of an arteriolar bifurcation is shown in Figure 1 . In each subject, the same evaluable bifurcations were identified and labelled from both views on images taken while breathing each test gas. Retinal bifurcation geometry was quantified for each bifurcation while breathing each gas. At each bifurcation, the angles between the parent and the larger daughter (A) and smaller daughter (B) were measured. The bifurcation angle (ω) was calculated as ω l 360k(AjB)m. Angles were measured five times, and the median value was taken as the angle while breathing each test gas. The diameters of the parent vessel (d ! ), and of the larger and smaller daughter vessels (d " and d # respectively), were measured using a validated purpose-written edgedetection program [21] . For each measurement, the operator used a mouse to draw a line normal to the vessel axis, along a length judged to correspond approximately to 3-times the vessel diameter. Vessel width was measured across a total of five parallel cross-sections, two either side of that selected by the user, with each cross-section being 2 pixels away from its neighbour. The median of the five measured diameters was taken as the diameter for that vessel. The junction exponent (X) was calculated by iteration, such that :
Intra-observer repeatability, expressed as withinsubject standard deviation [22] , was 1.93m for angle measurements and 1.14 pixels for diameter measurements.
Statistical analysis
Data are presented as mean [95 % confidence intervals (CI)]. Changes in alveolar gas concentrations, BP and heart rate while breathing each test gas (CO Comparisons between BP groups were made in the light of the 95 % CI of each parameter in each group, as advocated by Bland and Altman [22] .
RESULTS
Subject characteristics
Characteristics of the subjects in the normotensive and hypertensive groups are shown in Table 1 . 
Retinal geometric parameters in normotensive and hypertensive subjects
Effects of inspired gas on alveolar gas concentrations
Mean baseline alveolar gas concentrations while breathing room air were : normotensives, 4.2 % (3.7-4.7 %) CO k1 (k5 to j3) 1 (k4 to j6) k3 (k6 to k1) k3 (k7 to j2) Change in diastolic BP (mmHg) 1 (k2 to j3) 3 (0-6) k9 (k24 to j7) 0 (k5 to j4) Change in heart rate (beats/min) k3 (k9 to j4) k7 (k12 to k3) 1 (k1 to j4) k2 (k7 to j3)
Figure 2 Differences in parent arteriolar diameter (d 0 ) on breathing test gases compared with air
Shown are mean differences (95 % CI) in d 0 (pixels) on breathing each test gas compared with air.
Figure 3 Differences in bifurcation angle (ω) on breathing test gases compared with air
Shown are mean differences (95 % CI) in ω (m) on breathing each test gas compared with air.
compared with air are shown in Table 2 . On breathing the CO # -enriched gas mixture, there was a small rise in alveolar CO 
Effects of inspired gas on BP and heart rate
The effects of test gases on BP and heart rate are also shown in Table 2 . There was a more marked fall in heart rate in normotensive than in hypertensive subjects on breathing 100 % O # . There was also a small fall in systolic BP on breathing CO # in hypertensive subjects, with 95 % CI that did not include zero.
Figure 4 Differences in junction exponent (X ) on breathing test gases compared with air
Shown are mean differences (95 % CI) in X on breathing each test gas compared with air.
Effects of inspired gas on retinal parameters
Differences in retinal parent arteriolar diameters, junction exponents and bifurcation angles are shown in Figures  2-4 . In normotensive subjects, diameters narrowed on breathing O # by 8.7 % on average. In hypertensive subjects the decrease in diameter was less marked, and the 95 % CI included zero (Figure 2 ). Bifurcation angles also narrowed on breathing O # in normotensive but not in hypertensive subjects (Figure 3) . The CI for changes in junction exponents included zero for both BP groups (Figure 4) .
On breathing 5 % CO # , diameters increased in normotensive but not in hypertensive subjects (Figure 2) . Again, there were no changes in junction exponents or angles (Figures 3 and 4) .
DISCUSSION
Breathing 100 % O # resulted in a narrowing of retinal arterioles (vasoconstriction), which was more marked in normotensive than in hypertensive subjects. In normotensive subjects, vasoconstriction was also associated with a narrowing of bifurcation angles. In addition, breathing CO # resulted in increased arteriolar diameters in normotensive subjects, but not in the hypertensive group.
Our observation of hyperoxic retinal arteriolar vasoconstriction is similar to previous findings in normal subjects [17, 19] . However, despite changes in arteriolar diameter, there were no significant changes in junction exponents following breathing of either gas mixture. This indicates that changes in arteriolar diameter are coordinated in such a way that the cubic relationship of diameter at a bifurcation is preserved across the retinal arteriolar network, despite changes in vascular tone. This is consistent with the proposal that the retinal vasculature maintains constant shear stress and adheres to optimality principles, as far as acute responses to vasoactive stimuli are concerned. This contrasts with evidence that junction exponents deviate from theoretical optimal values in the retinal and coronary circulations in the more chronic settings of advancing age [11] and coronary artery disease [9] .
Previous studies in animals have suggested that the coordination of vascular tone that accounts for the stability of junction exponents depends on intact endothelial function. In isolated rabbit ear preparations with unimpaired endothelial function, median junction exponents remained close to theoretical optimum values when preparations were vasoconstricted by 5-hydroxytryptamine [23] . In contrast, inhibition of endotheliumderived relaxing factor by haemoglobin, alone or in the presence of 5-hydroxytryptamine, resulted in marked deviation of junction exponents from the optimum. It may be that abnormal endothelial function underlies the findings that retinal arteriolar junction exponents deviate with increasing age [11] and in diseased coronary arteries [9] .
The normotensive and hypertensive groups in the present study were not perfectly matched with regard to age and smoking habits, although there were no significant differences in these demographic characteristics between the groups. The finding that the magnitude of arteriolar vasoconstriction was reduced in hypertensive subjects is in keeping with previous studies [24] . Reduced vascular reactivity in hypertensive subjects may be attributable to structural changes in the retinal microvasculature [25] , enhanced resting tone, or possibly impaired endothelial function, although data regarding endothelial function in hypertension are inconsistent [26] [27] [28] .
It is interesting to note that vasoconstriction resulting from breathing 100 % O # was associated with acute narrowing of bifurcation angles in the present study. A previous study in hamster cremaster muscle in vivo [29] also observed narrowing of bifurcation angles associated with increased tone. In humans, cross-sectional studies have shown that bifurcation angles are narrowed in hypertensive compared with normotensive subjects [11] and in men that had had a low, compared with a high, birth weight [13] . In the present small study, bifurcation angles also tended to be decreased in the hypertensive subjects breathing air, although CI were wide. It is possible, therefore, that narrowed bifurcation angles indicate a higher degree of vasoconstriction, although the mechanism by which vasoconstriction might alter bifurcation angles remains unclear.
The finding that arteriolar dilatation occurred after breathing 5 % CO # in normotensive subjects differs from previous findings. Others have shown no increase in vessel diameters, despite an increase in retinal blood flow [17, 18] . This may reflect our improved ability to measure arteriolar diameters using computer-assisted image analysis techniques. This, and the fact that we have compared changes in diameter at individual bifurcations, may have increased the power of the present study to detect a small change. The absence of vasodilatation in hypertensive subjects may reflect impaired vascular relaxation in the hypertensive microvasculature.
In conclusion, breathing 100 % O # resulted in vasoconstriction of retinal arterioles and narrowing of bifurcation angles in normotensive subjects. In hypertensive subjects, changes were less marked. Similarly, breathing CO # induced vasodilatation in normotensive subjects, but not in hypertensive subjects. Despite alterations in vessel diameters, there were no alterations in junction exponents in either hypertensive or normotensive subjects, implying co-ordinated regulation of arteriolar tone at branch points in response to vasoconstrictor and vasodilator stimuli.
